• Collinear expression of Hox genes is only weaved at the tissue scale
INTRODUCTION
Limb morphogenesis is controlled by several key transcription factors, amongst them members of the Hox gene family, in particular genes from the HoxA and HoxD clusters. During early limb development, the posterior Hoxd genes are expressed in precise, partly overlapping domains ({Dolle, 1989a #13}{Dolle, 1993 #14}), which will pre-figure the various parts of the future appendices, i.e. the hands and feet (autopods) and the more proximally located arm (stylopod) and forearm (zeugopod) segments. Recently, it was shown that expression of Hoxd9 to Hoxd13 in presumptive digits is under the control of the same set of enhancer elements, located in the gene desert centromeric to the cluster itself {Montavon, 2011 #4}{Andrey, 2013 #2}{Fabre, 2017 #9}). However, their global expression patterns display some difference, with a broader expression of Hoxd13 within future digit 1 (the thumb), whereas Hoxd9 to Hoxd12 transcripts were found only in future digits 2 to 5. This difference is likely due to the existence While genetic approaches have revealed the critical function of these genes during limb outgrowth and patterning, the homogeneous or heterogeneous impact of mutations at the cellular level is more difficult to evaluate. The ablation of Hoxd13 alone leads to a morphological effect in digits weaker than when a simultaneous deletion of Hoxd11, Hoxd12 and Hoxd13 is achieved ({Dolle, 1989a #13} {Zakany, 1997a #12}{Delpretti, 2012 #17}), suggesting that Hoxd11, Hoxd12 and Hoxd13 functionally cooperate during digit development. However, how this cooperation occurs at the cellular level is unknown. This question is made even more complex by the regulatory strategies that evolved at the HoxD locus, where several neighbor genes can be regulated by several enhancers in the same large domains.
It was indeed recently reported that this cluster lies between two large topologically associating domain (TADs) ({Dixon, 2012 #34}{Andrey, 2013 #1}{Beccari, 2016 #35}{Fabre, 2015 #32}), each of them containing a range of enhancer elements acting in the same domains.
The TAD located centromeric to HoxD (C-DOM) contains several enhancers specific for autopod (digit) cells, whereas T-DOM, the TAD located telomeric to HoxD, hosts a series of enhancers specific for future arm and forearm cells ({Andrey, 2013 #1}) . In addition, genes with a central position in the cluster such as Hoxd9, Hoxd10 or Hoxd11 are targeted by enhancers belonging to the two different TADs, initially in zeugopod cells, then in autopod cells, suggesting an even greater heterogeneity in transcripts distribution. In order to try and evaluate Hoxd transcript heterogeneity during limb development, we produced single-limb cell transcriptomes of different origins, to see whether the apparently homogenous behavior in Hox gene transcriptional program as observed upon large-scale analyses was confirmed at the cellular level. We report here that Hoxd genes transcripts are present in various combinations in different limb cells and discuss the importance of these results in our understanding of how Hoxd genes are regulated and how their global functions are achieved in these structures.
RESULTS

Heterogeneity of posterior Hoxd gene transcripts in single-cells
In order to document the expression pattern of Hoxd13 at the single -cell level, embryonic day (E) 12.5 limb sections were use in RNA-FISH experiments (Fig. 1A) . As expected, we observed a high expression specificity in presumptive digits cells in the distal part of the forelimb, with the highest transcript levels in cells located at the boundary between the digital and the interdigital compartments, while lower levels were scored in interdigital mesenchyme.
Signal was neither detected within the digital compartment, nor in more proximal parts of the limb ({Montavon, 2008 #4}) (Fig. 1A) . However, a high heterogeneity in gene expression was recorded, with stippled signal pattern contrasting with the broader expression domain previously described. As a consequence, we asked whether all cells expressing Hoxd13 would also contain Hoxd11 transcripts, given that both genes are under the same regulatory control in these distal cells ({Montavon, 2011 #5}{Andrey, 2013 #1}). We micro-dissected autopod tissue to obtain a single-cell suspension and performed double fluorescent RNA labelling. The single-cell preparation was then analyzed by FACS and revealed that only a minority of cells were in fact expressing detectable levels of Hoxd11 and/or Hoxd13 (Fig. 1B) (Fig. 1B) .
Because a substantial number of cells did not express any Hoxd genes, we enriched for the positive fraction using a mouse line containing a GFP reporter sequence knocked in Hoxd11.
In these mice, GFP was produced in those cells where Hoxd11 had been transcribed (Fig. S1) .
We monitored the fluorescence at E12.5 and observed a pattern recapitulating Hoxd11 endogenous expression ({Dolle, 1989a #15; Dolle, 1989b #13}) (Fig. 1C) . E12.5 limb cells from these animals were FACS sorted using the GFP (Fig. 1D) and, under these conditions, the double labelling of GFP positive cells increased to more than a third of the cells (Fig. 1E) . However, amongst the positive cells, the ratio between the three Hoxd positive populations (Hoxd13 only, Hoxd11 only and double-positive) was roughly the same as before (37%, 7% and 55%, respectively). To confirm the presence of these different populations, we performed Hoxd13
RNA-FISH on sections from Hoxd11::GFP E12.5 forelimbs (Fig. 1F) and observed a high variability in GFP levels (Fig. 1G) . We found that high levels of Hoxd13 were observed in cells with either little or no Hoxd11 activity (Fig. 1H ), yet the majority of cells displayed high signals for both Hoxd11 and Hoxd13, suggesting that in these cells the two genes were regulated in a similar manner.
To quantify a potential correlation between Hoxd11 and Hoxd13 expression levels in these GFP-positive cells, we binned Hoxd11 positive cells in three categories: negative cells (d11neg, orange), cells expressing at low levels (d11low, red) and cells expressing at high levels (d11hi, grey; Fig. 1I, left panel) . Flow cytometry analysis revealed that higher Hoxd13 levels were clearly observed in the d11hi population, indicating that in single cells, whenever both genes are expressed, they tend to respond to enhancers with the same efficiency (Fig. 1I) . To relate these latter results with the level of GFP observed by microscopy ( Fig. 1 H) , we monitored the levels of GFP in single-cells and found a correlation between abundant Hoxd11 mRNAs and higher levels of the GFP protein ( We first showed that autopod and zeugopod cells portray distinct transcriptional signatures that can be observed in a machine learning algorithm that reduces dimensionality (t-SNE). In this plot representation, we saw only little intermingling between autopod and zeugopod cells ( Fig. 2A-B) . To ensure that the single-cells signatures were specific to the two populations, we performed a differential expression analysis between the distal and proximal limbs. As shown in the MA-plot we found that genes specific to one or the other populations were indeed known markers of the two tissues (Fig. 2C) 
Combinatorial Hoxd genes expression observed in single-cells
Therefore, despite their shared tissue-specific regulatory landscapes, all Hoxd genes are not systematically expressed by the same cells. A discretization of the expression levels allowed us to score the various mRNA combinations observed either in autopod (Fig. 3A) , or in zeugopod ( Fig. S5 ) single-cells. In the autopod, the largest population was composed of cells expressing Hoxd13 only, followed by a population expressing both Hoxd11 and Hoxd13 and then by an unexpected pool of cells with only Hoxd10 and Hoxd13 mRNAs. Cells containing three or more distinct Hoxd mRNAs were a minority and only 11 percent of cells expressed four genes, from Hoxd10 to Hoxd13. We asked whether these unambiguous associations were random or coupled with specific gene signatures by performing a tSNE on all autopod and zeugopod cells and we observed that groups of cells containing different combinations of Hoxd mRNAs tend to segregate, suggesting that their differences in gene expression is not restricted to Hoxd genes only (Fig. 3C ).
We performed separate tSNE for autopod and zeugopod cells by clustering cells according to their Hoxd combinatorial patterns ( Fig. 3D ) and observed that some combinations tend to cluster together. This effect was particularly clear in autopod cells whenever a sufficient number of cells (>5) was plotted and we noticed that the transcriptional diversity increased along the second dimension of the tSNE when a higher diversity of Hoxd mRNAs was scored in the same cells. In zeugopod cells, groups of cells also segregated, though not as distinctly, suggesting a more homogeneous distribution of Hoxd mRNAs. These results suggested that subpopulation of autopod cells transcribe various combinations of Hoxd genes.
Analysis of Hoxd cellular clusters
To more precisely assess this apparent cellular selectivity in Hoxd gene expression, we first determined whether particular cell clusters were at a specific phase of the cell cycle. While most cells with G2 scores were observed with either Hoxd13 mRNAs only or with four posterior
Hoxd genes active, we did not detect any significant difference associated with a specific combination of mRNAs ( Fig. S5) . We next performed a differential gene expression analysis to assess the degree of relationship between the six main cellular groups ( Fig. 4A-C) . Most of the differentially expressed genes (343 genes, Table S1 , and Noteworthy, clustering of expressed transcripts showed a hierarchical organization with a progression from those cells expressing Hoxd13 only to two, then three and finally four
Hoxd genes (Fig. 4C ). As some of these genes were previously identified either as HOX proteins targets (e.g. Ppp2ca {Salsi, 2008 #37}), or being part of a Hox functional pathways (e.g. Uty, Hoxa11os), we assessed whether specific targets genes could be associated with particular combinations of Hoxd mRNAs. We generated a supervised clustering showing the covariance of known targets genes in a spearman correlation matrix (Fig. 4D, E) . When the 199 cells originating from both the autopod and the zeugopod were considered, we found a clear partition of target gene mRNAs into two groups, corresponding to the nature of Hoxd mRNAs present (Fig. 4D) . We performed a pseudo-time analysis on the single-cells isolated from both the autopod and zeugopod and found that cells indeed spread along the pseudo-temporal axis that was linearized through a diffusion map (Fig. 5A-B) . In these maps, while zeugopod cells did not distribute well along a temporal frame (Fig. 5B) , the autopod cells were much better aligned (Fig. 5A ). As demonstrated with gene expression clustering (Fig 4. A-C) , specific combinations are distributed along the temporal axis in a way related to the various combinations of Hoxd mRNAs, with the Hoxd13-only cells at one extremity of the axis and the Hoxd10 to Hoxd13 combination at the other extremity ( Fig. 5C-D) . Altogether, this clustering analysis showed that different combinations of Hoxd gene mRNAs may affect distinct groups of target genes.
Noteworthy, it also revealed a preference for mRNA combinations involving neighbor genes, thus emphasizing the importance of genes' position for their co-regulation.
DISCUSSION
Limb bud cells require the expression of Hox genes originating from two separate clusters, HoxA and HoxD. We describe here the single-cell combinatorial expression of Hoxd genes found in cells sorted out by using a Hoxd11::GFP mouse strain. Albeit some cells tend to show higher level of Hoxa genes when the Hoxd genes were low, this was not the general rule.
The fact that we did not score many Hoxa-mRNA positive cells after the enrichment for Hoxd genes expression (Fig. S4 ) may however reflect a compensatory mechanism whereby a strong 
Different regulatory conformations?
We had previously shown that the regulation of posterior Hoxd genes in the distal limb bud was not entirely the same for all genes. In particular, Hoxd13 is the only gene to be expressed in presumptive thumb cells, the other Hoxd mRNAs being excluding from this very digit with local epigenetic modifications, which could be inherited from one cell to its daughter cells.
In this view, the number of Hoxd genes expressed would increase along with mitotic divisions leading to the hierarchical progression observed.
Additive cellular or emerging functions?
The 
METHODS
Animal experimentation
All experiments were performed in agreement with the Swiss law on animal protection (LPA), under license No GE 81/14 (to DD). Forelimbs tissue samples were isolated from
Hoxd11::GFP heterozygous animals at embryonic day 12.5 (E12.5) with day E0.5 being noon on the day of the vaginal plug. The cloning steps for the generation of the Hoxd11 transgenic mice is described in Fig. S1A-C . Briefly, the knock-in was done by introducing a bi-cistronic cassette along with an IRES sequence. Hoxd11 was inactivated by the insertion of a TauGFP sequence in frame into the coding sequence (Fig. S1C) . The BamH1 site was used for insertion of the IRES cassette (Fig. S1A) . Fig. S1D shows how the cassette was introduced as a singlecopy knock-in. The GFP signal observed in this mouse stock reflects the endogenous distribution of Hoxd11 transcription.
RNA-FISH
E12.5 forelimbs were micro-dissected and fixed with 4% paraformaldehyde for 3 hours.
Then the limbs were treated with sucrose at 5, 10 and 15% and then frozen in OCT. 25 μm cryostat sections were dried for 30 minutes, post-fixed in 4% paraformaldehyde for 10 minutes and quenched with 0.6% H2O2 in methanol for 20 minutes. Slides were then processed using the Ventana Discovery xT with the RiboMap kit. The pretreatment was performed with mild heating in CC2 for 12 minutes, followed by protease3 (Ventana, Roche) for 20 minutes at room temperature. Finally, the sections were hybridized using automated system (Ventana) with a Hoxd13 probe diluted 1:1000 in ribohyde at 64°C for 6 hours. Three washes of 8 minutes in 2X SSC followed at hybridization temperature (64°C). Slides were incubated with anti-DIG POD Table S2 summarizes the raw counts. All single-cell RNA-seq data can be found in the Gene Expression Omnibus (GEO) repository under accession number GSEXX.
Filtering low quality cells and genes expressed at low levels
Those counts were used to filter out some low-quality cells based on the following criteria: total number of reads mapped > 250, number of genes "expressed" > 2000
("expressed"=with count > 0), and percent of reads mapped to Spike-Ins sequences < 25%. A total of 199 cells was retained (123 zeugopods and 76 autopods cells). Genes expressed at low levels were also removed from the rest of the analysis and only genes present (raw count > 0) in at least 10% of either the 76 autopods or the 123 zeugopods cells were retained. Hox genes were manually added if they did not satisfy these criteria. A total of 10'948 genes remained. ERCC with null counts through the remaining cells were also excluded from the rest of the analysis. 
Normalization
Raw counts were normalized with spike-in counts using the R package scran (methods used computeSpikeFactors and normalize version 1.0.4) (doi:10.18129/B9.bioc.scran). Prior to normalization, size factors were mean-centered to their batch of origin. An additional normalization step was also applied in order to correct for a potential gene length bias. Table S5 compiles all the normalized values.
Grouping of Hoxd gene combinations for differential gene expression analyses
HoxD groups were defined per cell and were composed by Hoxd genes with a minimum normalized expression of 5 when count represented at least 5% of the most expressed Hoxd genes in the cell. The differential gene expression analysis was performed with the R package limma (version 3.28.21) ({Ritchie, 2015 #42}). Genes with a minimum absolute log fold change of 2 and a BH adjusted p-value less than 0.01 (false discovery rate (FDR) of 1%) were considered differentially expressed.
tSNE
The tSNE were computed using the package Rtsne (version 0.13) with the following parameters: 2 dimensions and a perplexity of 30, a maximum of iterations of 3000 and a seed set at 42. The top highly variable genes (HVG) that were used to plot the tSNE in 
Network visualization and Venn Diagram
Network shown in Fig. 2 was built using weighted interaction networks from various sources of data and is able to process user data into such networks using a system that distinguishes between three different types of user-defined data in its import procedures: real- 
